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is an important mechanism in virtually all cells. In adult skeletal muscle, this mechanism is highly specialized for the rapid delivery of Ca 2ϩ from the transverse tubule into the junctional cleft during periods of depleting Ca 2ϩ release. In dystrophic muscle fibers, SOCE may be a source of Ca 2ϩ overload, leading to cell necrosis. However, this possibility is yet to be examined in an adult fiber during Ca 2ϩ release. To examine this, Ca 2ϩ in the tubular system and cytoplasm were simultaneously imaged during direct release of Ca 2ϩ from sarcoplasmic reticulum (SR) in skeletal muscle fibers from healthy (wild-type, WT) and dystrophic mdx mouse. The mdx fibers were found to have normal activation and deactivation properties of SOCE. However, a depression of the cytoplasmic Ca 2ϩ transient in mdx compared with WT fibers was observed, as was a shift in the SOCE activation and deactivation thresholds to higher SR Ca 2ϩ concentrations ([Ca 2ϩ ]SR). The shift in SOCE activation and deactivation thresholds was accompanied by an approximately threefold increase in STIM1 and Orai1 proteins in dystrophic muscle. While the mdx fibers can introduce more Ca 2ϩ into the fiber for an equivalent depletion of [Ca 2ϩ ]SR via SOCE, it remains unclear whether this is deleterious. skeletal muscle; sarcoplasmic reticulum; muscular dystrophy; STIM1; Orai1; excitation-contraction coupling THE PROGRESSION OF SOME MUSCULAR dystrophies, including Duchenne muscular dystrophy, is believed to be due to either mechanical stress, Ca 2ϩ overload in the cell, or perhaps a combination of both (17) . In the absence of dystrophin, several proteins at the surface membrane of the muscle fiber are believed to function abnormally, potentially resulting in the increased influx of Ca 2ϩ that is not redressed by an appropriate efflux (2) . Such an influx pathway is store-operated Ca 2ϩ entry (SOCE). This pathway is expressed in virtually all eukaryotic cells with a basic function to refill the depleted internal Ca 2ϩ store in the cell from the extracellular pool (34) ; but its role in directly activating cellular processes is being identified (32, 33) . This mechanism has also been identified in skeletal muscle fibers (21) and has been shown to be rapidly activated and deactivated to maintain a tightly controlled delivery of Ca 2ϩ to the small cytoplasmic space between the sarcoplasmic reticulum (SR) and transverse tubules during periods of depleting Ca 2ϩ release from SR (23, 24) and conducted via stromal interacting molecule 1 (STIM1) and Orai1 (28) .
Our understanding of SOCE in dystrophic skeletal muscle is largely derived from work on myotubes (20, 38) that do not compare to fully differentiated muscle fibers, where the dystrophic phenotype is primed (17) . Indeed, myotubes display different Ca 2ϩ regulatory properties and a less-developed junctional membrane system compared with adult cells (43) . Furthermore, SOCE appears to have distinct roles in myogenesis and during excitation-contraction (EC) coupling in myotubes and adult fibers, respectively (24, 37) . In adult muscle this has been proposed to include a role in fatigue resistance, which appears to decline in effectiveness in the aging muscle (41, 42) , but the precise action of SOCE in muscle remains to be defined. Relevant to this study, SOCE has been proposed to overload dystrophic fibers with Ca 2ϩ from myotube studies (5, 7, 16) . However, the fundamental differences in structure and physiology between myotubes and fully differentiated muscle fibers do not allow for simple extrapolation of these results from one cell type to the other. Studies on fully differentiated adult fibers need to be performed to test the hypothesis of SOCE-induced Ca 2ϩ overload in dystrophic muscle cells. We are aware of two studies examining SOCE in adult fibers from mdx mouse muscle (5, 39) . A difference between the store-dependent current in healthy and dystrophic muscle has been claimed from patch-clamp recordings across the sarcolemma of adult fibers. However, these experiments were performed under unphysiologically high external Ca 2ϩ concentration ([Ca 2ϩ ]) (110 mM) and proposed to be conducted via transient receptor protein (TRP) channels (39). Allard et al. (1) followed this work using similar electrophysiological techniques but could not record a store-dependent current across the sarcolemma at 2.5 mM Ca 2ϩ . Using a combined electrophysiology and fluorescence experimental approach, the same group recently confirmed that SOCE indeed occurs across the tubular (t-) system and not sarcolemma (4) . Moreover, the second study of SOCE in dystrophic muscle measured SOCE under conditions of chronic long-term SR depletion, a condition that never occurs in muscle or during depolarization (5), which does not allow isolation of the store-dependent influx.
We have shown that SOCE is fully functional and measureable in real time during SR Ca 2ϩ depletion and refilling using mechanically skinned fibers (23, 24) . While this preparation loses some cytoplasmic factors following skinning and immersion in an internal solution, it still, for example, retains functional EC coupling that is not different from that of intact fibers (27, 36) . In this study we compare the kinetics of SOCE activation and deactivation in adult fibers from wild-type (WT) and mdx mouse muscle during depleting SR Ca 2ϩ release. Furthermore, we determine the relative amounts of the integral SOCE proteins, STIM1 and Orai1, in WT and mdx skeletal muscle.
METHODS
All experimental methods were approved by the Animal Ethics Committee at The University of Queensland. C57/BL6 (University of Queensland Biological Resources, Brisbane) and mdx (Animal Resource Centre, Perth, WA, Australia) mice were killed by cervical dislocation, and the extensor digitorum longus (EDL) muscles were rapidly excised. Muscles were then placed in a petri dish under paraffin oil above a layer of Sylgard. The method of trapping fluorescent dye in the sealed t-system has been described (22) . Briefly, small bundles of fibers from EDL were isolated and exposed to a "dye solution" via a microcap pipette while still intact and under oil. Dye was allowed ten or more minutes to diffuse into the t-system. Segments of individual fibers were then isolated and mechanically skinned to completely remove the surface membrane and trap dye in the sealed t-system (22) . This procedure exposed the internal environment of the fiber to the very small amount of the dye solution for a brief period of time, if any. Any excess Ca 2ϩ around the skinned fiber would have been quickly sequestered by the SR without activating Ca 2ϩ -dependent proteases that can sever protein-protein interactions across the junctional membranes (22, 31) . Indeed, the maintenance of normal, rapidly activatable EC coupling and SOCE mechanisms following this procedure is clear in our previous work (12, 23, 24, 26) . Skinned fibers were transferred to a custom-built experimental chamber with a coverslip bottom, where they were bathed in an "internal solution." Following the physiological experiments, skinned fibers were added to solubilizing buffer (see Protein quantification) and stored at Ϫ20°C before biochemical analysis.
Solutions. All chemicals were from Sigma (Sydney, Australia) unless otherwise stated. The dye-containing solution was a Na ϩ -based physiological solution that was applied before skinning of mouse fibers and that contained (in mM) 145 NaCl, 3 KCl, 2.5 CaCl2, 2 MgCl2, 1 fluo-5N salt, and 10 HEPES (pH adjusted to 7.4 with NaOH). The standard internal solution used to bathe skinned fibers contained (in mM) 48. Confocal imaging and analysis. The experimental chamber with a mounted skinned fiber was placed above a water immersion objective (ϫ60, numerical aperture 1.0) of the confocal laser-scanning system (FV1000, Olympus, Tokyo, Japan). Simultaneous acquisition of two images (F1 and F2) was achieved by line-interleaving of two excitation wavelengths (488 and 543 nm) while collecting emitted light in two emission ranges (500 -540 nm and 562-666 nm).
XYT images of Ca 2ϩ transients from skinned fiber preparations displayed both a very large, global release of Ca 2ϩ that could last more than a minute in some cases and brief Ca 2ϩ waves, which were initiated and ended within a single XY image. For global Ca 2ϩ releases, F1 and F2 of fluo-5N and rhod-2, respectively, were normalized by dividing the average resting value F1,0 or F2,0 within the borders of the preparation for each XY image in a series. Brief Ca 2ϩ waves were analyzed by line-wise averaging of fluorescence using a custom-made IDL algorithm similar to that described previously in detail (24) .
The amplitude relative to resting fluorescence (F2/F2,0), full duration at half-magnitude (FDHM), and maximum slope of the declining or ascending phase of the F1,0 or F2,0 transients are presented where appropriate. We also estimate the time to SOCE activation (TTSA). This parameter is the time from initiation of the cell-wide Ca 2ϩ release transient to the time that the t-system fluo-5N signal clearly starts to drop due to the loss of Ca 2ϩ through the open SOC channel [time from start of phase iib to start of phase iii; (12) ]. Data were only accepted if the transition between phases could be determined within 3 s, ϳ3 images, and the cytoplasmic rhod-2 fluorescence signal was not saturated.
We have previously shown that the maximal t-system Ca 2ϩ uptake rate is 1 mM s -1 [relative to t-system volume; (24)], which can only occur during the rise of the cytoplasmic Ca 2ϩ transient, when driving force for t-system Ca 2ϩ uptake is at its highest. The rate of decline of [Ca 2ϩ ]t-sys upon activation of SOCE is between 0.5 and 1.5 mM s
Ϫ1
in these experiments [relative to t-system volume; (24)]. Therefore, because the t-system Ca 2ϩ uptake rate must be significantly lower than 1 mM s Ϫ1 at the transition from phase iib to iii (i.e., during the steady phase of the cytoplasmic Ca 2ϩ transient; Fig. 1 ), there will always be a net efflux of Ca 2ϩ from the t-system when SOCE becomes activated.
In the following section we use mechanically skinned fibers from WT and mdx EDL muscle to determine their SOCE characteristics. We note that mechanically skinned fibers from mdx muscle showed characteristic centralized nuclei and fiber branching (17, 18) . It was interesting that where the myofibrillar bundles had split (i.e., showed branching), the t-system has resealed and retained fluo-5N. There were no obvious sections of the t-system of skinned fibers from mdx that did not contain fluo-5N, indicating that the t-system resealed everywhere upon mechanical skinning (see Supplemental movie).
Protein quantification. EDL muscles from WT and mdx mice were homogenized (50:1 vol:wet wt) in an internal solution similar to that described above, but where all the HDTA was replaced with EGTA ([Ca 2ϩ ] Ͻ 1 nM) and all the K ϩ was replaced with Na ϩ . Homogenate was mixed 3:1 with solubilizing buffer (0.125 M Tris-Cl, pH 6.8, 4% SDS, 10% glycerol, 4 M urea, 10% mercaptoethanol, 0.001% bromophenol blue). For single-fiber analysis, a number of the fibers that were examined for physiological SOCE were collected into solubilizing buffer and stored at Ϫ20°C until analyzed by Western blotting. Muscle samples (homogenates and single fibers) were analyzed for STIM1 and/or Orai1 protein contents by Western blotting using a similar protocol to that described previously (31) . Equal amounts of protein based on muscle wet weight were analyzed when comparing WT and mdx muscle, and samples were run side by side. Proteins were separated on 10% SDS-PAGE gels and probed for STIM1 (1 in 500, mouse monoclonal, 610955, BD Biosciences, Lexington, KY) and/or Orai1 (1 in 500, rabbit polyclonal COOH terminal 1003, kindly provided by Prof. Veit Flockerzi, Universität des Saarlandes, Homburg, Germany) diluted in 1% bovine serum albumin in phosphatebuffered saline with 0.025% Tween. Following transfer, the SDS-PAGE gel was stained with BioSafe Coomassie Stain (Bio-Rad, Hercules, CA) for detection of myosin heavy chain (MHC) which has previously been shown to be a reliable indicator of amount of protein present when small amounts of sample (e.g., single fiber segments) are used (31) . Images were collected following exposure to West Femto chemiluminescent substrate (Pierce) using a charge-coupled device camera attached to a ChemiDoc XRS (Bio-Rad) and using Quantity One software (Bio-Rad). Densitometry was performed with Quantity One software.
Statistical analysis. Data are presented as means Ϯ SE. A Kolmogov-Smirnov test was run for data normality followed by a Kruskal-Wallis one-way ANOVA on Ranks and Dunn's Multiple Comparison Method. F-test or Student's t-test (unpaired and two-tailed) was used were appropriate to determine significance (P Ͻ 0.05) between groups.
RESULTS

SOCE and SR Ca
2ϩ release in healthy and dystrophic muscle. In Fig. 1 , the Ca 2ϩ movements across the SR and t-system associated with lowering Mg 2ϩ indicated in healthy and dystrophic mouse muscle by fluo-5N and rhod-2 fluorescence signals in the sealed t-system and cytoplasm are represented, respectively. In both Fig. 1A and Fig. 1B , the t-system fluo-5N fluorescence signal has been corrected for bleaching, which is significant for a nonratiometric dye that is compartmentalized (11, 25) . From the map of Ca 2ϩ movements across the SR and t-system during low-Mg (12), we can assign the appropriate phases of Ca 2ϩ movements and changes in associated proteins in both WT and mdx fibers. Each of these phases is represented on Fig.  1 for both the WT and mdx fibers.
Phase i is the fiber at rest in the standard internal solution, which is followed by a manual solution exchange for the low-Mg 2ϩ solution moving into phase iia. An increase in the fluo-5N and rhod-2 fluorescence signals is seen in phase iib, indicating Ca 2ϩ uptake by the t-system during Ca 2ϩ release from SR. Following this, a significant decrease in the t-system fluorescence signal can be observed in both Fig. 1A and Fig. 1B These Ca 2ϩ movements across the SR induce SOCE activation and deactivation during the depleting cell-wide Ca 2ϩ release event appeared qualitatively the same in healthy and dystrophic mouse muscle, and to those previously in rat (24) . However, a striking observation was that the amplitude of the low-Mg 2ϩ -induced Ca 2ϩ release in mdx fibers could not reach similar amplitudes as could be achieved by WT fibers (Fig. 1 , note the different scales of the F 2 /F 2,0 axes between Fig. 1A , WT and Fig. 1B, mdx) . The SR Ca 2ϩ flux in healthy and dystrophic mouse muscle fibers from the Ca 2ϩ transients is assessed in Fig. 2 by plotting Fibers from both healthy and dystrophic muscle displayed t-system Ca 2ϩ uptake and store-operated Ca 2ϩ entry (SOCE) activation and deactivation during Ca 2ϩ release and inactivation. These events were consistent in 59 and 22 fibers from WT and mdx mice, respectively. Note that lower-amplitude cytoplasmic Ca 2ϩ transients succeeding the initial cell-wide transients are waves. Cell-wide Ca 2ϩ release and Ca 2ϩ waves are indicated by the thin-and thick-bordered bars below the cytoplasmic Ca 2ϩ transients. The Ca 2ϩ movement phases of the waves is described elsewhere (12).
will release more Ca 2ϩ in WT compared with mdx fibers, the relationship between FDHM vs. TTSA must be different in the strains of mice if the SOCE activation threshold is the same. Fig. 3 shows that the relationship FDHM vs. TTSA is not different in the two strains of mice (F-test; P Ͼ 0.4). It follows that the SOCE activation threshold must be at higher [Ca 2ϩ ] SR in mdx than WT muscle fibers. SOCE activation kinetics in healthy and dystrophic muscle. In addition to the large, global Ca 2ϩ releases, spontaneous Ca 2ϩ waves were observed in the continued presence of low Mg 2ϩ in mdx fibers ( Fig. 1 and Supplemental Movie; supplemental data for this article can be found online at the American Journal of Physiology-Cell Physiology web site), as they were in WT fibers (12) . These waves are generated following Ca 2ϩ being resequestered by SR from the internal bathing solution. As a result of Ca 2ϩ being lost to the internal solution (which contained 1 mM EGTA and no added Ca 2ϩ ) during the cell-wide release, only a reduced level of calcium can be recovered by the SR following Ca 2ϩ release inactivation. This presents the opportunity to examine and compare the SOCE kinetics where [Ca 2ϩ ] SR is close to the threshold for SOCE activation. Furthermore, Ca 2ϩ waves present a defined propagation front that can be spatiotemporally compared with the t-system fluo-5N fluorescence signal.
Line-wise averaged profiles of a propagating Ca 2ϩ wave along a mdx fiber are shown in Fig. 4A . A dip and rapid recovery in the t-system fluo-5N signal is tightly associated with the Ca 2ϩ wave as it propagates along the fiber, due to SOCE activation then deactivation [ Fig. 4A; (12) ]. This indicates SOCE is controlled locally and can be activated and deactivated well within the duration of the Ca 2ϩ wave in dystrophic mdx muscle. The durations of the Ca 2ϩ waves in our study were 347 Ϯ 43 (n ϭ 5) and 339 Ϯ 30 (n ϭ 6) ms for WT and mdx fibers, respectively. The "depletion-Ca 2ϩ entry coupling delay" between local initiation of the Ca 2ϩ wave (rise of rhod-2 signal) and local initiation of SOCE (decline of t-system fluo-5N signal) was also determined for the mdx fibers displaying Ca 2ϩ waves. The coupling delay is shown in the magnified region in Fig. 4A . There was no difference in this parameter between WT and mdx fibers ( Fig. 4B ; 27 Ϯ 4 ms, n ϭ 7; and 35 Ϯ 4 ms, n ϭ 9 for WT and mdx fibers, respectively; t-test, P ϭ 0.2). The same skinned fiber segments used in physiological experiments were analyzed for STIM1 protein, and there was approximately three times more STIM1 in mdx fibers (Fig. 4C) .
Robust deactivation of SOCE. Deactivation of SOCE in mdx fibers could be observed under two types of termination of low-Mg 2ϩ -induced Ca 2ϩ transients, as it has been for WT fibers (12) : those with "abrupt termination" and those that "collapsed" following cell-wide release (Fig. 5) . The abrupt termination of Ca 2ϩ release in an mdx fiber shows an immediate increase in fluo-5N signal in both the color overlays and line-wise averages, indicating a tight coupling with deactivation of SOCE (Fig. 5A) . When the global Ca 2ϩ transient collapses there is a graded deactivation of SOCE (Fig. 5B) , indicated by the overlay color moving through red to yellow to green over seconds. A sigmoidal relationship between cytoplasmic Ca 2ϩ transient abrupt termination rate and SOCE deactivation rate was determined for WT and mdx fibers (Fig. 6) . This relationship was significantly left-shifted in mdx compared with WT fibers (F-test; P Ͻ 0.001).
STIM1 and Orai1 protein content in WT and mdx muscle fibers is different. STIM1 and Orai1 are essential proteins in the orchestration of SOCE in skeletal muscle (28, 37) , and knowing their relative amounts in WT and mdx muscle provides a basis for understanding SOCE in dystrophy. Range of detection of STIM1 and Orai1 in whole EDL muscle samples (i.e., no fractionation) from mdx and WT mice was assessed and linear regression was performed (Fig. 7, A and B) . Slopes of regressions between mdx and WT muscle samples were different (P Ͻ 0.001) being greater for mdx samples for both STIM1 (ϳ2.3 times) and Orai1 (ϳ4.6 times). Direct comparisons of muscle homogenates revealed approximately threefold increased amounts of STIM1 and Orai1 proteins in dystrophic compared with healthy muscle fibers (Fig. 7C) . This was similar when data were normalized to either actin or MHC. There was no difference in slopes of linear regressions for actin or MHC between WT and mdx EDL muscle (not shown), fitting with physiological data describing similar responses of EDL fibers from WT and mdx mice with respect to Ca 2ϩ sensitivity of maximum force produced by contractile proteins (40). Fig. 5 . Robust deactivation of SOCE in dystrophic muscle. A: example of "abrupt termination" of Ca 2ϩ release and SOCE deactivation in mdx muscle showing (left-to-right) selected rhod-2 (red) and fluo-5N (green) image overlays, the spatially averaged profile of low-Mg 2ϩ -induced Ca 2ϩ release and associated t-system fluo-5N signal, and selected line-wise averages from indicated areas (grey bars) in spatially averaged profile. B: example of "collapsing" Ca 2ϩ release and SOCE deactivation in mdx muscle showing (left-to-right) selected rhod-2 (red) and fluo-5N (green) image overlays, the spatially averaged profile of low-Mg 2ϩ -induced Ca 2ϩ release and associated t-system fluo-5N signal, and selected line-wise averages from indicated areas in spatial profile. Note that as the Ca 2ϩ transient terminates, allowing the SR to refill, the t-system Ca 2ϩ always increases, indicating SOCE deactivation (shutting of t-system SOC channels). 
DISCUSSION
In this study we show that the activation and deactivation signaling of the integral SOCE proteins, STIM1 and Orai1, in skeletal muscle is not different between WT and mdx muscle fibers as shown by the presence of the same depletion-Ca 2ϩ entry coupling delay (Fig. 4) and the same robust deactivation of SOCE as the SR refilled with Ca 2ϩ (Figs. 5 and 6 ). However, we did observe a shift in the activation and deactivation thresholds for SOCE to higher [Ca 2ϩ ] SR and approximately three times increased levels of STIM1 and Orai1 protein in mdx compared with WT muscle (Fig. 6) . The increased levels of STIM1 and Orai1 in mdx muscle may increase the capacity of the muscle for SOCE and shift the threshold to induce a store-dependent Ca 2ϩ influx into the cell. Robust deactivation of SOCE in healthy and dystrophic muscle. Using the skinned fiber preparation in conjunction with eliciting Ca 2ϩ release with low Mg 2ϩ allowed SOCE activation and deactivation to be assessed in real time during Ca 2ϩ release (24) . This sensitive, powerful technique always showed SOCE deactivation as the SR refilled with Ca 2ϩ (24) . Thus Ca 2ϩ ceased to enter dystrophic (or healthy) muscle via the SOCE pathway once the store refilled to its full deactivation threshold and did not comply with a deregulated SOCE complex (5) . While the skinned fiber preparation we have used for our experiments does not have a sarcolemma, therefore excluding potential store-dependent Ca 2ϩ influxes, recent experimental evidence suggests that there is no functional SOCE across this membrane anyway (1, 4) . Indeed, the SR is separated from the sarcolemma by the subsarcolemmal space (10), making any form of coupling between the sarcolemma and SR a longdistance affair. This certainly could not be regulated as efficiently compared with coupling across the junctional membranes (12) , where a gap of only some 10 -15 nm exists (14) .
A recent report claims that the dystrophic phenotype can be mimicked in healthy muscle fibers by overexpressing transient receptor potential canonical 3 (TRPC3) (29) . This is potentially the pathway responsible for the proposed Ca 2ϩ overload in dystrophic fibers. Therefore it is important to fully understand the mechanism at work here because it will have implications for understanding the pathophysiology of dystrophic fibers. The activation of Ca 2ϩ entry through TRPC3 following store depletion may not necessarily mean TRPC3 is a store-dependent channel. SOCE is controlled by [Ca 2ϩ ] SR independently of cytosolic [Ca 2ϩ ] ([Ca 2ϩ ] cyto ) (24) . TRPC isoforms can allow Ca 2ϩ entry following changes in the ionic composition of the cytoplasm independently of the conditions in the store (6), which could have been the case in these and other experiments (29, 39 ] cyto observed Ca 2ϩ entry through TRPC (29, 39) . The TRPC3 pathway overloading muscle fibers with Ca 2ϩ appears, therefore, not store operated but somehow activated by the cytoplasmic conditions. Note also that the deactivation mechanism of Ca 2ϩ entry was not examined in any of these intact fiber experiments.
SR Ca 2ϩ release and SOCE. It is reported that the SR Ca 2ϩ release flux may be depressed by at least 18% during EC coupling (19) . The direct stimulation of SR Ca 2ϩ release showed a significant depression of the amplitude of the lowMg 2ϩ -induced Ca 2ϩ release (Fig. 2 ) in dystrophic compared with healthy muscle, indicating that SR and not t-system was the source of the difference. This result indicates the Ca 2ϩ release machinery of the SR is affected in mdx muscle. Importantly, the lack of difference between the SR Ca 2ϩ loading properties in WT and mdx fibers (35) shows that the SR Ca 2ϩ pump is not affected by the absence of dystrophin.
Interestingly, we found that the time required to release enough Ca 2ϩ from a heavily loaded SR to activate SOCE was about the same in both strains of mice (Fig. 3) . Because the release flux is depressed in dystrophic fibers (Fig. 2) , the amount of Ca 2ϩ released from SR in mdx fibers for a given period of time must be less than that in WT fibers. Taken together, this suggests that the SOCE activation threshold is at higher [Ca 2ϩ ] SR in dystrophic compared with healthy muscle. We also report here that STIM1 and Orai1 are upregulated approximately three times in dystrophic muscle. Consistent with this, we have measured an approximately three times higher SOCE flux into intact mdx muscle fibers compared with WT fibers (8) . When the SR was shallowly loaded and SR Ca 2ϩ release was in the form of Ca 2ϩ waves, the depletionCa 2ϩ entry coupling delay between Ca 2ϩ release and SOCE activation was not different between the two strains of mice, both in the lower tens of millisecond range (Fig. 4) . Therefore the difference in the SOCE protein amounts (Figs. 4 and 7) does not change SOCE activation properties. The relationship between the depletion-Ca 2ϩ entry coupling delay and the SOCE coupling mechanism is explored in detail by Edwards et al. (12) .
Importantly, a shift in the deactivation threshold of SOCE to higher [Ca 2ϩ ] SR was observed in dystrophic compared with healthy fibers (Fig. 6) (9) . The second possibility does not appear likely, since one would actually expect a faster SOCE deactivation rate with the lower sarcalumenin and calsequestrin-like proteins concentrations in the SR decreasing the overall SR Ca 2ϩ -buffering power, which was not the case (Fig.  6 ). Therefore we suggest that the change in integral SOCE protein levels is the cause for the shift in SOCE threshold.
In dystrophy, the increased STIM1 levels require more Ca 2ϩ to enter SR for an equivalent level of SOCE deactivation compared with healthy muscle (Figs. 5 and 6 ). It is important to bear in mind that during intense periods of work, Ca 2ϩ in SR will not be in equilibrium with its buffers. This will allow a greater proportion of the threefold higher STIM1 to remain free of Ca 2ϩ and activated for longer compared with healthy muscle (Figs. 6 and 8 (12)], which can indeed be the same in both strains of mice. At rest, all STIM1 will be bound with Ca 2ϩ without any major effect on total SR calcium because the buffering capacity of STIM1 is small compared with calsequestrin (30).
In Fig. 1 , we see that a significant amount of Ca 2ϩ needs to leave SR before SOCE can be activated. During prolonged EC coupling events, Ca 2ϩ released from SR is bound to cytoplasmic sites, creating a transient depletion of SR and allowing activation of SOCE. As such, Ca 2ϩ does not need to leave the fiber during activity to activate SOCE. Therefore, during periods of activity that produce maximal activation of SOCE in both WT and mdx fibers (physiological conditions that are yet to be defined), more Ca 2ϩ would enter the mdx than WT fibers (8) . The shallower SOCE deactivation curve for mdx fibers means SOCE will be more active in mdx than WT fibers for any given [Ca 2ϩ ] SR where SOCE is submaximally activated. However, the influx rate is only around 20 M total calcium entering the fiber s -1 in healthy muscle at maximal driving force for Ca 2ϩ from the t-system [relative to cytoplasmic volume; (24) ], which could potentially triple in mdx (8) . This Ca 2ϩ entering the fiber is small compared with the normal calcium content of the fiber (15) and to the flux from SR during EC coupling (3) . Unless the period of time the store-dependent Ca 2ϩ influx is activated is long and extrusion mechanisms are not working normally could there be a significant increase in fiber calcium content via this pathway. Most importantly, we clearly show for the first time that SOCE in mdx fibers is tightly regulated and deactivates when the SR refills. However, the role of upregulated SOCE in mdx remains to be defined as deleterious or otherwise.
By simultaneously imaging Ca 2ϩ in the t-system and cytoplasm to measure SOCE during SR Ca 2ϩ release in fully differentiated adult fibers from healthy and dystrophic skeletal muscle, combined with a sensitive Western blotting technique to measure integral SOCE protein levels, we have shown that compromised SOCE is not a feature of dystrophic muscle. Indeed, SOCE functions normally in mdx fibers, displaying rapid activation and deactivation. However, the physiological importance of the threefold increase in STIM1 and Orai1 proteins in mdx muscle and an associated shift in the threshold for SOCE activation and deactivation to higher [Ca 2ϩ ] SR remains unclear.
